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At presynaptic terminals vesicular membranes are
fused into plasma membrane upon exocytosis and
retrieved by endocytosis. During a sustained high-
frequency transmission, exoendocytic coupling is
critical for the maintenance of synaptic transmission.
Here, we show that this homeostatic coupling is sup-
ported by cGMP-dependent protein kinase (PKG) at
the calyx of Held. This mechanism starts to operate
after hearing onset during the second postnatal
week, when PKG expression becomes upregulated
in the brainstem. Pharmacological tests with capac-
itance measurements revealed that presynaptic
PKG activity is supported by a retrograde signal
cascade mediated by NO that is released by activa-
tion of postsynaptic NMDA receptors. Activation of
PKG also upregulates phosphatidylinositol-4,5-
bisphosphate, thereby accelerating endocytosis.
Furthermore, presynaptic PKG activity upregulates
synaptic fidelity during high-frequency transmission.
We conclude that maturation of the PKG-dependent
retrograde signal cascade strengthens the homeo-
static plasticity for the maintenance of high-
frequency synaptic transmission at the fast glutama-
tergic synapse.
INTRODUCTION
Upon arrival of an action potential (AP) at the nerve terminal,
neurotransmitter is released from synaptic vesicles by exocy-
tosis. The vesicle membrane fused into the plasma membrane
of the terminal is then retrieved by endocytosis, and recycled
to release sites to be reused for another round of synaptic trans-
mission (Su¨dhof, 2004; Schweizer and Ryan, 2006; Jung and
Haucke, 2007; Royle and Lagnado, 2010). Pharmacological
block of endocytosis causes use-dependent block of synaptic
transmission, indicating that vesicle endocytosis is a critical
step for the maintenance of synaptic transmission (Yamashita
et al., 2005; Hosoi et al., 2009). Various types of endocytosis
have been documented, including clathrin-mediated endocy-
tosis (CME), bulk membrane retrieval, fast recapture of vesiclessuch as the fusion pore flicker, so-called kiss-and-run (Dittman
and Ryan, 2009; Royle and Lagnado, 2010; Haucke et al.,
2011), or rapid endocytosis induced by intense firings (Wu
et al., 2005). Among them, CME is the best understood and is
the predominant route of synaptic vesicle endocytosis (Cousin
and Robinson, 2001; Granseth et al., 2006; Jung and Haucke,
2007; Dittman and Ryan, 2009; Haucke et al., 2011). In CME,
the AP-2 complex (adaptor protein complex) binds to clathrin,
synaptotagmin, and stonin 2, together with phosphatidylinosi-
tol-4,5-bisphosphate (PIP2) in the plasma membrane, to
promote clathrin coat formation (McPherson et al., 1996; Jost
et al., 1998; Martin, 2001; Diril et al., 2006; Dittman and Ryan,
2009). After budding formation, the GTPase dynamin 1, by inter-
acting with amphiphysin, forms clathrin-coated vesicles by
fission (Takei et al., 2005).
The coupling of synaptic vesicle exocytosis and endocytosis
is essential for maintaining the balance between the pool size
of releasable vesicles and membrane area of presynaptic
terminals. The exoendocytic coupling is mediated in part by
intraterminal Ca2+, which informs the extent of vesicle exocytosis
to endocytic machinery (Yamashita et al., 2010; Haucke et al.,
2011). The molecular details of this coupling mechanism appear
to be developmentally regulated. Thus, at the calyx of Held,
a fast glutamatergic synapse in the auditory brainstem (Forsythe
and Barnes-Davies, 1993), in early postnatal rats (P7–P9) prior to
hearing onset (Jewett and Romano, 1972), the accumulation of
Ca2+ during intense stimulation facilitates both CME and rapid
endocytosis via activation of calmodulin (CaM) and calcineurin
(CaN) (Hosoi et al., 2009; Wu et al., 2009; Yamashita et al.,
2010). However, at P13–P14 after hearing onset, the time
constant of endocytosis no longer depends on the amount of
endocytosis (Renden and von Gersdorff, 2007), and CaM and
CaN are no longer involved in endocytosis, despite the fact
that Ca2+ continues to play a role in coupling exocytosis to
CME and rapid endocytosis (Yamashita et al., 2010).
At hippocampal glutamatergic synapses in culture, vesicle
endocytosis following a sustained massive exocytosis can be
upregulated by a retrograde action of nitric oxide (NO) produced
by postsynaptic cells (Micheva et al., 2003). It is unknown,
however, whether this mechanism operates at other type of
synapses. It is also unknown whether it operates at a single
synaptic level in response to moderate exocytosis in the physio-
logical range. At the calyx of Held, the postsynaptic principal
cells in the medial nucleus of the trapezoid body (MNTB)
expresses neuronal NO synthase (nNOS) (Fessenden et al.,Neuron 74, 517–529, May 10, 2012 ª2012 Elsevier Inc. 517
Figure 1. PKG Inhibitors Slow Synaptic Vesicle Endocytosis at the Calyx of Held of Rats Only After Hearing Onset
Cm changes were evoked by a 20 ms depolarizing pulse at P13–P14 (A) or P7–P9 (B) calyces.
(A) Cm changes of calyceal terminals evoked by Ca
2+ currents (ICa) at P13-P14. The PKG inhibitors, Rp-8-Br-PET-cGMPS (Rp-cGMPS, 3 mM, red), or KT5823
(10 mM, blue), when loaded into calyces via whole-cell patch pipettes, slowed endocytic Cm changes. Superimposed traces represent averaged Cm from 6–7
calyces. Bar graphs summarize the effects of PKG inhibitors on endocytic half time (t0.5), magnitudes of exocyticDCmand ICa. One-way ANOVA and Tukey ad hoc
test was used for significance testing (*p < 0.05) in this figure and Figures 4, 5, 6, and 7.
(B) Cm changes at P7–P9 calyceal terminals. The PKG inhibitor Rp-cGMPS (3 mM) had no effect. Bar graphs are as above. In bar graph, data from P13–P14 (white
bars) are shown for comparison.
See also Figure S1.
Neuron
Retrograde Mechanism for Exoendocytic Coupling1999) and releases NO in response to the neurotransmitter gluta-
mate via Ca2+ influx through NMDA receptors (Steinert et al.,
2008). However, whether released NO affects presynaptic func-
tion is unknown.
In screening for the effect of protein kinase inhibitors on
membrane capacitance changes of calyceal terminals, we found
that cyclic GMP-dependent protein kinase (PKG) inhibitors,
when loaded into a presynaptic terminal, significantly slowed
the time course of endocytosis induced by a depolarizing pulse
of 5–20 ms duration. This effect of the PKG inhibitor was
mimicked and occluded by an NO scavenger or an NMDA
receptor antagonist, suggesting an involvement of the NMDA
receptor-NO cascade that operates in the MNTB neuron
(Steinert et al., 2008). Our immunocytochemical studies of the
calyces of Held and ELISA assays on the brainstem tissue
indicated that a PKG inhibitor or an NO scavenger can downre-
gulate the PIP2 level. Remarkably, however, at immature calyces
before hearing onset, the slowing effect of PKG inhibitor on
endocytosis was absent. Consistently, PKG in the brainstem
showed a developmental increase during the second postnatal
week. Thus, a retrograde exoendocytic coupling mechanism
operates exclusively at mature calyces of Held. Furthermore,
at calyces after hearing, intraterminal loading of a PKG inhibitor
lowered the fidelity of synaptic transmission at high frequency.
These results suggest that the NO/PKG-dependent retrograde
mechanism tightens the exoendocytic coupling thereby contrib-518 Neuron 74, 517–529, May 10, 2012 ª2012 Elsevier Inc.uting to the maintenance of high-frequency synaptic transmis-
sion at this fast glutamatergic synapse.
RESULTS
PKG-Dependent Speeding of Vesicle Endocytosis
Is Established after Hearing Onset
At the presynaptic terminal, various protein kinases are thought
to play regulatory roles in synaptic transmission, but exact roles
of individual kinases remain unknown. To elucidate their roles,
we tested the effect of different protein kinase inhibitors on
exocytosis and endocytosis of synaptic vesicles, by loading
them directly into calyceal terminals of P13–P14 rats. Exocytosis
and endocytosis of synaptic vesicles were monitored separately
by membrane capacitance (Cm) measurements of calyceal
terminals, where Cm change (DCm) was induced by a presynaptic
Ca2+ current (ICa), elicited with a square pulse of 20 ms duration
in our standard protocol. At calyces of rats, after hearing onset
(P13–P14), depolarizing pulse stimulation (from 80 mV
to +10 mV) caused an exocytic DCm jump of 0.4 pF followed
by a decay with a half time (t0.5) of 9.2 ± 0.6 s (n = 6 calyces; Fig-
ure 1). This DCm corresponds to exocytosis of 5,000 vesicles,
which can be induced by a train of 20–30 APs (Yamashita
et al., 2005).
Among kinase inhibitors tested by direct loading into calyceal
terminals, the PKG-specific inhibitor Rp-8-Br-PET-cGMPS
Figure 2. PKG Inhibitor Slows Synaptic Vesicle
Endocytosis at Calyces after Hearing Onset in an
Activity-Dependent Manner
(A) The relationship of exocytic DCm (abscissa) and en-
docytic t0.5 (ordinate) in the presence (red) or absence
(black) of Rp-cGMPS (3 mM) at calyces of post-hearing
(P13–P14) rats. Exocytosis was induced by ICa elicited by
depolarizing pulses (Vc) of 1–5 ms durations (top). Data at
20mswas taken from independent experiments. Between
control and Rp-cGMPS, endocytic t0.5 values at 5 ms
and 20 ms are statistically significant. Data derived from
5–7 calyces.
(B) The relationship of exocytic DCm (abscissa) and en-
docytic t0.5 (ordinate) at calyces of prehearing (P7–P9) rats
in the presence (red) or absence (black) of Rp-cGMPS
(3 mM). Data derived from 5–7 calyces.
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18.7 ± 3.4 s (n = 6; Figure 1A). This effect of Rp-cGMPS was
concentration-dependent, with a 50% inhibition concentration
(IC50) of 0.15 mM (see Figure S1 available online). This IC50 is 4
times higher than that estimated in biochemical assays
(0.035 mM) (Butt et al., 1995), but 50 times lower than that esti-
mated for the vasodilatation assay (7.2 mM) (Taylor et al., 2004).
Another type of PKG-specific inhibitor KT5823 (10 mM) also
slowed endocytic t0.5 to 19.8 ± 3.0 s (n = 6; Figure 1A) like
Rp-cGMPS (3 mM). Neither Rp-cGMPS nor KT5823 affected
DCm or ICa (Figure 1A). As Rp-cGMPS is membrane permeable,
preincubation of slices with Rp-cGMPS (3 mM) for 1 hr at room
temperature (RT) also slowed endocytic t0.5 to 18.8 ± 2.9 s (n =
3, data not shown), similar to its effect after direct loading into
calyces (Figure 1A). These results suggest that endogenous
PKG normally upregulates the endocytic rate of synaptic vesi-
cles at mature calyces of Held. In contrast to PKG inhibitors,
the PKA inhibitor KT5720 (1 mM), loaded into calyces, had no
effect on the time course of vesicle endocytosis induced by
a 20 ms depolarizing pulse (data not shown). However, it has
recently been reported that preincubation of slices of P9–P11
rats with KT5720 (2 mM) slows endocytic capacitance change,
more effectively after longer pulse depolarization (Yao and Sa-
kaba, 2012). It remains to be seen whether the slowing effect
of the PKA inhibitor on endocytosis persists after hearing onset.
We further examined whether the PKG-dependent speeding
of vesicle endocytosis operates before hearing. At calyces
before hearing onset (P7–P9), endocytosis elicited with our
standard stimulation protocol was much slower (t0.5, 17.2 ±
2.0 s, n = 6; Figure 1B) than that at P13–P14 calyces, but similar
to that in Rp-cGMPS-loaded P13-P14 calyces (Figure 1B).
Furthermore, in contrast to P13–P14 calyces, direct loading of
Rp-cGMPS (3 mM) into P7–P9 calyces had no effect on endocytic
time course (t0.5, 17.3 ± 2.7 s, n = 5). These results suggest that
at calyceal synapses after hearing onset, a PKG-dependent
mechanism supports the high rate of endocytosis. At the calyx
of Held, vesicle endocytosis undergoes developmental speeding
(Renden and von Gersdorff, 2007; Yamashita et al., 2010). Our
results suggest that maturation of the PKG-dependent mecha-
nism underlies this development.Operation of the PKG-Dependent Endocytic Speeding
Depends upon Presynaptic Activity
At many synapses, including immature rodent calyces before
hearing, the time required for endocytosis is proportional to the
amount of exocytosis (von Gersdorff and Matthews, 1994; Wu
and Betz, 1996; Sun et al., 2002; Yamashita et al., 2005; Balaji
et al., 2008). However, at calyces of Held after hearing, the
endocytic time constant becomes constant and independent
of the magnitude of exocytosis (Renden and von Gersdorff,
2007; Yamashita et al., 2010). At P13–P14 calyces, as we
increased themagnitude of exocytosis by increasing the depola-
rizing pulse duration (1–20 ms), endocytic t0.5 remained
unchanged (Figure 2A) as reported (Renden and von Gersdorff,
2007; Yamashita et al., 2010). However, after loading Rp-
cGMPS (3 mM), endocytic t0.5 became slower as depolarizing
pulses increased to 5–20 ms (Figure 2A). In the presence of
PKG inhibitor, calyceal terminals after hearing (Figure 2A) behave
like calyces before hearing (Figure 2B), with the endocytic t0.5
showing a positive correlation with the magnitude of exocytosis.
Thus, the PKG-dependent endocytic speeding mechanism
matures during the second postnatal week when rodents start
to hear sound.
Preferential Occurrence of the PKG-Dependent
Endocytic Speeding in Slow Endocytosis
At the calyx of Held, repetitive stimulation at 1 Hz accelerates
endocytosis to a second-order time constant through a Ca2+-
dependent mechanism (Wu et al., 2009; Yamashita et al.,
2010). We asked whether PKGmight regulate this rapid endocy-
tosis at P13–P14 calyces. During a short train of stimulation
(20 ms depolarizing pulses repeated at 1 Hz for 20 s), as exo-
cytic DCm summed up to a high level, the endocytic rate
became faster and reached a near maximal level of 200
fFs1 in 10 s. Intra-terminal loading of Rp-cGMPS (3 mM) had
no effect on this rapid endocytosis (Figure 3A). After accumu-
lated exocytosis caused by a 1 Hz train, Cm gradually recovers
to baseline by slow endocytosis (Yamashita et al., 2010). Rp-
cGMPS (3 mM) clearly slowed this slow endocytosis (Figure 3B),
with its t0.5 prolonged from 12.0 ± 1.3 s (n = 5) to 24.9 ± 3.5 s (n =
5). These results suggest that the PKG-dependent endocyticNeuron 74, 517–529, May 10, 2012 ª2012 Elsevier Inc. 519
Figure 3. PKG Inhibitor Has No Effect on Activity-Dependent Acceleration of Endocytosis
(A) Acceleration of endocytosis during repetitive activation of exocytosis at 1 Hz (stimulation at arrows) at P13–P14 calyces. Intra-terminal loading of Rp-cGMPS
(3 mM, red) had no effect on the time course of acceleration (averaged traces from 3–5 calyces). Rightmost panel shows the endocytic rates during stimulations
with (red) or without (black) Rp-cGMPS (superimposed).
(B) Endocytosis following 1Hz train of stimulation (bars). Note that the time scale in (B) is slower than that in (A). Rp-cGMPS loading slowed endocytic Cm. Records
with or without Rp-cGMPS loading are superimposed in the rightmost panel.
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such as CME.
Retrograde Activation of PKG-Dependent Endocytic
Acceleration
At the calyx of Held synapse, postsynaptic MNTB neurons
release nitric oxide (NO) when NMDA receptors are activated
by the neurotransmitter glutamate (Steinert et al., 2008). At
hippocampal synapses in culture NO is proposed to activate
presynaptic guanylyl cyclase, thereby activating PKG via
cGMP synthesis (Micheva et al., 2003). We asked whether NO
released from postsynaptic MNTB neurons could activate
PKG in calyceal terminals. Bath application of the aqueous NO
scavenger PTIO (100 mM) had no effect on ICa orDCm, but clearly
slowed vesicle endocytosis at P13–P14 calyces (Figure 4A), with
its t0.5 becoming 18.1 ± 2.9 s (n = 6, p < 0.01). In the presence
of PTIO, Rp-cGMPS (3 mM) had no additional effect, implying
that the slowing effects of PTIO and Rp-cGMPS on vesicle endo-
cytosis were mutually occluded (Figure 4A). We next tested
the NMDA receptor antagonist D-AP5 on endocytosis (Fig-
ure 4B). Bath application of D-AP5 (50 mM) significantly slowed
endocytosis with its t0.5 becoming 14.8 ± 1.7 s (n = 4, p < 0.05;
Figure 4B). Furthermore, the slowing effect of D-AP5 was
occluded by preloaded Rp-cGMPS (3 mM); with t0.5 of 15.6 ±
2.6 s (n = 5), that was similar to the endocytic t0.5 in the presence
of D-AP5 alone (Figure 4B). These results confirm the presence of
the NMDA receptor-dependent NO-synthesizing system in indi-
vidual MNTB neurons (Steinert et al., 2008) and further suggest520 Neuron 74, 517–529, May 10, 2012 ª2012 Elsevier Inc.that this mechanism produces a retrograde activation of presyn-
aptic PKG via cGMP production, thereby speeding vesicle
endocytosis.
We next tested the effect of cGMP loaded into the terminal at
different concentrations (10–300 mM). Cyclic GMP loaded at
300 mM caused a significant acceleration in the time course of
vesicle endocytosis (Figure 4C). In the presence of cGMP
(100 mM) in the presynaptic whole-cell pipette, PTIO was no
longer able to slow endocytosis (t0.5, 10.1 ± 0.7 s, n = 6; Fig-
ure 4D). These results are consistent with the hypothesis that
NO upregulates presynaptic cGMP, thereby activating PKG for
speeding vesicle endocytosis.
Involvement of PIP2 in PKG-Dependent Speeding
of Vesicle Endocytosis
PIP2 in the presynaptic terminal membrane is thought to play
essential roles in both CME and vesicle exocytosis (Cremona
and De Camilli, 2001; Jung and Haucke, 2007). It is also reported
to support voltage-gated Ca2+ channel activity (Suh et al., 2010).
We investigated whether presynaptic PIP2 is involved in the
regulation of ICa, exocytosis or endocytosis, by loading the PI4
kinase inhibitor PAO (1 mM) into P13–P14 calyces. PAO inhibits
production of the PIP2 precursor PIP, thereby decreasing the
PIP2 level (Khvotchev and Su¨dhof, 1998; Va´rnai and Balla,
1998). At P13–P14 calyces, PAO slowed the endocytic t0.5 to
16.5 ± 2.1 s (n = 4, p < 0.05, Figure 5A). However, at this synapse,
PAO had no effect on exocytosis or ICa (Figure 5A). When Rp-
cGMPS (3 mM) and PAO (1 mM) were coloaded into calyces,
Figure 4. Retrograde Regulation of Vesicle Endocytosis via Postsynaptic NMDA Receptor Activation and NO Synthesis at Calyces after
Hearing Onset
(A) Bath application of the NO scavenger PTIO (100 mM) slowed vesicle endocytosis (red trace), without affecting exocytic DCm or ICa. In the presence of PTIO,
Rp-cGMPS (3 mM) had no additional effect (gray trace). Data derived from 4–6 calyces.
(B) Bath application of the NMDA receptor antagonist D-AP5 (50 mM, blue trace) slowed endocytosis, without affecting exocytic DCm or ICa In the presence of
D-AP5, intraterminal loading of Rp-cGMPS (3 mM) had no additional effect (gray trace). Capacitance traces and summary bar graphs derived from 4-6 calyces.
(C) Intraterminal loading of 10 mM (gray trace), 100 mM (green trace), or 300 mM (brown trace) cGMP. At 300 mM, cGMP significantly accelerated endocytic t0.5.
Cyclic GMP had no effect on exocyticDCm or ICa. Data derived from 4 (10 mM, 300 mM) or 6 (100 mM) calyces.
(D) Intra-terminal loading of 100 mM cGMP counteracted the slowing effect of bath-applied PTIO (100 mM) on vesicle endocytosis (gray trace). Endocytosis in
control (blue trace) and after PTIO application (red trace) is as shown in A. Summary bar graphs derived from 6–7 calyces.
See also Figure S4.
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Figure 5. Involvement of PIP2 in PKG-Dependent Speeding of Vesicle Endocytosis in Calyces after Hearing Onset
(A) At posthearing (P13–P14) calyces, intra-terminal loading of the PI4-kinase inhibitor PAO (1 mM) slowed endocytosis (red trace), but had no effect on exocytosis
(DCm) or ICa. Intraterminal loading of Rp-cGMPS in the presence of PAO had no additional endocytic slowing effect (gray trace) to PAO alone (red trace). Bar
graphs are summary data of endocytic t0.5, DCm and ICa from 4–6 calyces.
(B) At posthearing calyces, whole-cell intraterminal loading of PIP2 (5 mM) alone had no effect (blue), but when coloaded with Rp-cGMPS (3 mM), counteracted its
slowing effect on vesicle endocytosis (gray). Summary bar graphs derived from 5–6 calyces.
(C) At prehearing (P7–P9) calyces, intraterminal PAO (1 mM) slowed endocytosis. Summary bar graphs derived from 6–7 calyces.
See also Figure S4.
Neuron
Retrograde Mechanism for Exoendocytic Couplingthe endocytic t0.5 (13.8 ± 1.5 s, n = 4) was similar to that with PAO
alone (Figure 5A), indicating that the slowing effects of Rp-
cGMPS and PAO on vesicle endocytosis occluded to each
other. Further, to assess the presynaptic role of PIP2, we loaded
PIP2 (5 mM) directly into calyces (Figure 5B). PIP2 by itself had no
effect on endocytic t, exocytic DCm or ICa. However, when co-
loaded with Rp-cGMPS (3 mM), it blocked the slowing effect of
the PKG inhibitor on endocytic t0.5 shown in Figure 1A. This is
probably because excess PIP2 (5 mM) loaded from a whole-cell
pipette into calyces counteracted a decrease of intra-terminal
PIP2 by the PKG inhibitor. Thus, in calyces after hearing onset,
by linking to presynaptic PKG, PIP2 upregulates the rate of
vesicle endocytosis.
Might PIP2 be involved in vesicle endocytosis or exocytosis at
calyces before hearing? We addressed this question by loading
PAO into calyces at P7–P9. At these calyces, PAO markedly
slowed endocytosis with its t0.5 increasing from 17.2 ± 2.0 s522 Neuron 74, 517–529, May 10, 2012 ª2012 Elsevier Inc.(n = 6) to 33.9 ± 4.1 s (n = 7; Figure 5C). Like at calyces after
hearing, PAO had no significant effect on DCm or ICa. These
results suggest that PIP2 in calyces before hearing is already
involved in presynaptic vesicle endocytosis, but it is only after
hearing onset when it is linked to PKG.
PKG Upregulates Presynaptic PIP2 Level
Immunolocalization of PIP2 on neuronal membrane, including
that of presynaptic terminals, has been reported in various
preparations (Honda et al., 1999; Micheva et al., 2001; Na-
kano-Kobayashi et al., 2007). At the calyx of Held synapse in
P13–P14 rats, PIP2 immunoreactivity (IR) was observed both in
presynaptic terminals and nuclei of postsynaptic MNTB neurons
(Figures 6A and S2). PIP2 expression in calyceal presynaptic
terminals was identified from its immunofluorescence intensity
profiles (green) overlapping with that of synaptophysin (red)
(Figure 6A). When we preincubated slices (for 1h at RT) with
Figure 6. Rp-cGMPS or PTIO Reduces PIP2 Immunoreactivity in Presynaptic Terminals and PIP2 Content in Brainstem Tissue in Rats after
Hearing Onset
(A) Immunofluorescence of PIP2 (left column in green), synaptophysin (second column in red), and overlay (third column), in the absence (top row) and presence of
Rp-cGMPS (3 mM, middle row) or PTIO (100 mM, bottom row). The size of each panel is 24 mm 3 24 mm. In control slices strong PIP2 IR was observed in the
calyceal terminal, as well as in the nucleus of MNTB neuron. After treatment with PKG inhibitor or NO scavenger, the PIP2 IR in the calyceal terminal declined,
whereas that in the nucleus remained unchanged. Graphs in the rightmost column show immunofluorescence intensity profile sampled along axes indicated by
white arrows in overlay pictures. Red and green traces represent synaptophysin and PIP2 immunofluorescence intensity profiles, respectively. Abscissae indicate
the distance (in mm) from the start of sampling along the white arrows.
(B) Immunofluorescence intensities of PIP2 (green bars in the left panel) and synaptophysin (red bars in the right panel). Rp-cGMPS and PTIO attenuated PIP2
immunoreactivity to a similar extent (by 47% and 51%, respectively). Averaged data derived from 441 selected regions at 33 calyces, 227 regions of 28 calyces,
and 227 regions of 21 calyces in control, Rp-cGMPS-treated, and PTIO-treated slices, respectively. Synaptophysin IR intensities remained unchanged by these
treatments (red bars).
(C) ELISA assessment of PIP2 level in the brainstem tissue lysate of post-hearing (P13–15, left) and prehearing (P7–P9, right) rats (for details, see Experimental
Procedures). Pretreatment of the tissue with Rp-cGMPS (3 mM for 1h at RT, left panel) or PTIO (100 mM for 1h at RT, middle panel) reduced the PIP2 content in the
brainstem tissue of posthearing rats, whereas the same treatment had no effect in prehearing rats. Each data derived from 6 samples from 3 independent
experiments.
See also Figure S2.
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Figure 7. Developmental Increase of PKG Immunoreactivity in
MNTB Neurons and Whole Brainstem
(A) PKGIa immunoreactivity was visualized in 10 mm thick frozen section with
LSAB method (Experimental Procedures) in the MNTB region in P7 (left) and
P14 (right) rats. Calyceal structure around MNTB cell soma as well as
postsynaptic neuronal cytoplasm showed PKGIa immunoreactivity in P14 rats.
Scale bar, 5 mm. Densitometric analysis (bar graphs) indicated that PKGIa
immunoreactivity in the MNTB region of P14 rats was 1.9 times higher than
that in P7 rats. Student’s t test was used for evaluating statistical significance
(n = 20 cells for each).
(B) Western blot analysis of PKG I levels in whole brainstem, heart and liver
tissues of rats at P7 and P 14. Equal amount of proteins were loaded and
separated by SDS-PAGE, transferred to PVDF membrane and immunoblotted
with anti-PKG I and anti-a-tubulin antibodies, the latter as internal control.
Molecular mass of the corresponding proteins is indicated on the left. The
western blot data were then submitted for densitometric analysis. Ordinate
in the bar graph represents the PKG/tubulin ratio. Data derived from 3
experiments. Difference between P7 and P14 is statistically significant with
p < 0.01 (n = 3).
See also Figure S3.
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intensity of PIP2 in the calyceal terminal was reduced by 50%
(Figures 6A and 6B).
To further examine whether the NO-linked PKG activity upre-
gulates the PIP2 level, we tested the effect of Rp-cGMPS
and PTIO on the level of PIP2 in whole-brainstem lysates using
ELISA. In the brainstem tissue of rats after hearing (P13–P15),
the PIP2 concentration was 68.9 ± 1.4 pmol/mg (n = 6). After
incubationwith Rp-cGMPS (3 mM, 1 hr at RT) the PIP2 concentra-
tion declined by 44% (to 38.7 ± 2.5 pmol/mg, n = 6; Figure 6C).
Likewise, preincubation of brainstem lysate with PTIO (100 mM,
1h at RT) reduced the PIP2 concentration by 52% (to 32.8 ±524 Neuron 74, 517–529, May 10, 2012 ª2012 Elsevier Inc.1.3 pmol/mg, n = 6). These results are consistent with those of
the immunocytochemical density quantification of PIP2 in
calyces (Figures 6A and 6B), suggesting that the retrograde
NO-PKG mechanism might operate widely at many synapses
in the brainstem. We further measured the PIP2 concentration
in the brainstem lysate from P7–P9 rats using the same protocol.
The PIP2 concentration of P7–P9 brainstem (63.2 ± 2.0 pmol/mg,
n = 6; Figure 6C) was slightly lower than that of P13–P15
brainstem (p < 0.05). More importantly, Rp-cGMPS (3 mM, 1h
incubation at RT) had no effect on the PIP2 level (58.6 ± 2.1
pmol/mg, n = 6) in P7–P9 brainstem (Figure 6C). These results
suggest that the PKG-PIP2 linkage is established only after
hearing onset.
Developmental Increase in PKGExpression in theMNTB
Region and Brainstem
We next examined whether PKG expression level changes
during the second postnatal week in the MNTB region and in
the brainstem tissue using immunocytochemical (Figure 7A)
and western blot (Figure 7B) analysis. Immunocytochemical
analysis showed that the immunoreactivity of PKG 1a in the
MNTB neuron and calyceal terminals increased from P7 to
P14. Densitometric quantification of immunoreactivity indicated
a significant difference between two ages (p < 0.01, Figure 7A).
We obtained similar results for PKG1b (data not shown).
In western blot analyses, pan-PKG1 antibody revealed
a strong immunoreactivity in the brainstem of P14 rats, whereas
the expression level was much lower in P7 rat brainstem (Fig-
ure 7B). Densitometric analysis indicated 3.6-fold difference
between two ages (n = 3, p < 0.01) (Figures 7B and S3). Strong
PKG immunoreactivity was also found in the heart tissue, but
with no significant difference between two ages. PKG immuno-
reactivity was not detected in the liver tissue. Thus, the develop-
mental upregulation of PKG1 during the second postnatal week
might be a brain-specific phenomenon. These results may
account for the lack in the effect of Rp-cGMPS on endocytosis
(Figure 1B and 2B) and PIP2 level (Figure 6C) in P7–P9 rats.
Fidelity of Synaptic Transmission Maintained by the
Retrograde NO/PKG-Dependent Mechanism
Above results suggest that an NMDA receptor-NO-PKG-PIP2
signaling cascade retrogradely speeds up vesicle endocytosis
at P13–P14 calyces (Figure S4). Might this cascade contribute
to synaptic transmission? As intraterminal loading of Rp-cGMPS
slows endocytosis (Figure 1A and 2A), we tested whether the
same treatment affects synaptic transmission. At the calyx of
Held, block of endocytosis with GTPgS depletes releasable
vesicles, thereby blocking exocytosis (Yamashita et al., 2005).
It is then expected that slowing endocytosis by Rp-cGMPS
might attenuate exocytosis, thereby disrupting synaptic fidelity
after sustained high frequency stimulation. We investigated this
possibility at P13–P14 calyces. To protect the postsynaptic
retrograde signal cascade from whole-cell dialysis, we recorded
postsynaptic APs with an extracellular patch pipette loosely
attached to anMNTB cell body. To block PKG activity selectively
in a presynaptic terminal, we loaded Rp-cGMPS directly into
a presynaptic terminal from a whole-cell pipette. To evaluate
the fidelity of synaptic transmission at the calyx of Held, we
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Retrograde Mechanism for Exoendocytic Couplingelicited presynaptic APs by injecting depolarizing currents
(1 ms), and recorded postsynaptic APs in response to presyn-
aptic APs. During presynaptic stimulation at 100 Hz, failures of
postsynaptic APs gradually increased, resulting in a decline of
the fidelity. In the presence of Rp-cGMPS (3 mM) in the terminal,
this decline became significantly faster than control (without
Rp-cGMPS) at 30–50 s after stimulation. These results suggest
that the PKG-dependent endocytic acceleration mechanism
contributes to the maintenance of the fidelity of high frequency
transmission at the calyx of Held.
DISCUSSION
At the calyx of Held, we tested the effect of the PKG inhibitor
Rp-cGMPS on vesicle endocytosis assessed from capacitance
measurements. At calyces after hearing, Rp-cGMPS slowed
vesicle endocytosis, and occluded with a similar slowing effect
of NO scavenger, NMDA receptor antagonist, or PIP2 inhibitor.
Thus, glutamate released by exocytosis activates postsynaptic
NMDA receptors and releases NO via Ca2+/calmodulin/NO syn-
thase pathway (Steinert et al., 2008), thereby causing retrograde
activation of PKG/PIP2 for upregulating the rate of endocytosis
(Figure S4). This exoendocytic coupling mechanism was origi-
nally proposed from an imaging study of vesicle endocytosis
triggered by a sustained high frequency stimulation (10 Hz,
2 min) at hippocampal synapses in culture (Micheva et al.,
2003). In the present study, at the calyx of Held in slice, we
have demonstrated that this mechanism operates at a single
synapse after a mild stimulation (5 ms depolarizing pulse, equiv-
alent to 5–8 APs) and that this mechanism has a physiological
significance for the maintenance of high fidelity synaptic trans-
mission (Figure 8). Taking advantage of the slice preparation,
we have also revealed a developmental aspect of this mecha-
nism, which accounts for the developmental speeding of vesicle
endocytosis (Figures 1 and 2). Experimentally, in most case, we
have loaded drugs and molecules directly into presynaptic
terminals, whereas in the previous study in hippocampal culture
(Micheva et al., 2003) they used membrane permeable reagents,
which can affect both presynaptic and postsynaptic mecha-
nisms. Finally, our occlusion experiments have revealed that
individual molecular cascades are connected in series for endo-
cytic acceleration mechanism.
Developmental Increase in PKG Activity Accelerates
Synaptic Vesicle Endocytosis
In membrane capacitance measurements from the calyx of Held
after hearing onset, intraterminal loadings of PKG inhibitors
slowed endocytic time course (Figures 1 and 2). Bath-applied
PKG blocker also slowed endocytosis (data not shown) and
reduced PIP2 level in calyces or brainstem tissues (Figure 6).
However, these effects were absent before hearing onset.
Such a developmental change can be explained by the findings
that PKG level in brainstem tissue and MNTB region increases
by >2-fold during the second postnatal week (Figure 7). As
animals mature, PKG activity is upregulated in the nerve
terminal, thereby speeding the endocytic rate. In paired AP
recordings from presynaptic and postsynaptic elements, intra-
terminal loading of PKG inhibitor lowered the fidelity of synaptictransmission during sustained high-frequency stimulation (Fig-
ure 8). Thus, maturation of the PKG-dependent mechanism
accelerates endocytic rate thereby likely enhancing vesicle
reuse for the maintenance of high frequency synaptic transmis-
sion at this fast glutamatergic synapse.
At many synapses, such as frog neuromuscular junction (NMJ)
(Wu and Betz, 1996), hippocampal synapses in culture (Balaji
et al., 2008), goldfish bipolar cell terminal (von Gersdorff and
Matthews, 1994) and calyces of Held before hearing onset
(Sun et al., 2002; Yamashita et al., 2005), endocytic time
constants, assessed by capacitance measurements, or by
vesicle imaging, become longer in relation to the magnitude of
exocytosis, whereas no such correlation exists in Drosophila
NMJ (Poskanzer et al., 2006) and at calyces of Held of rodents
after hearing onset (Renden and von Gersdorff, 2007; Yamashita
et al., 2010). This positive correlation is interpreted as a saturation
of endocyticmachinery and ensuing accumulation of unretrieved
vesicles (Sun et al., 2002; Balaji et al., 2008). Clearly, such a posi-
tive correlation is unfavorable with respect to the exoendocytic
balance of synaptic vesicles. In the present study, we show
that this positive correlation can be reproduced at P13–P14
calyces by pharmacological block of presynaptic PKG (Fig-
ure 2A), suggesting that maturation of the PKG-dependent
mechanism underlie the developmental loss of the positive
correlation between DCm and endocytic time constant. It
remains to be seen whether this mechanism generally apply to
other type of synapses.
PKG-Dependent Endocytic Acceleration Is Regulated
by Retrograde NO Cascade
During synaptic transmission at high rate, synaptic vesicles are
recycled and reused. In the nerve terminal, vesicle exocytosis
must somehow be reported to the endocytic machinery in order
to maintain the fidelity of high-frequency transmission. Our
results suggest that neurotransmitter glutamate, released during
high-frequency synaptic transmission, activates postsynaptic
NMDA receptors, thereby triggering the synthesis of NO in
a Ca2+-dependent manner (Steinert et al., 2008). NO released
from postsynaptic cells retrogradely activates PKG in the nerve
terminal, thereby accelerating vesicle endocytosis via PIP2 upre-
gulation (Figure S4). We found that this coupling mechanism
operates at calyces of Held only after hearing onset, when
high-frequency synaptic transmission is required for sound
localization. The occurrence of this retrograde regulation, at
both hippocampal (Micheva et al., 2003) and brainstem
synapses, suggests that this may be a general mechanism
across many type of synapses.
Inositol PhosphateMediates PKG-Dependent Endocytic
Acceleration
CME is a principal mechanism of vesicle retrieval (Granseth
et al., 2006). In CME, PIP2 plays a critical role in the process
of coat assembly (McPherson et al., 1996; Jost et al., 1998;
Martin, 2001; Dittman and Ryan, 2009) by incorporating
adaptor proteins into plasma membrane (Hao et al., 1997; Gai-
darov and Keen, 1999; Itoh et al., 2001) as well as in the
uncoating process (Cremona et al., 1999). PIP2 also binds to
dynamin, thereby assisting GTP-dependent vesicle fissionNeuron 74, 517–529, May 10, 2012 ª2012 Elsevier Inc. 525
Figure 8. Presynaptic PKG-Dependent Fidelity of Synaptic Transmission at the Calyx of Held
(A) Experimental protocol for measuring input-output relationship of presynaptic and postsynaptic AP firings. Presynaptic APs were evoked by depolarizing
current injection through whole-cell patch pipette at 100 Hz. Postsynaptic APs were recorded from extracellular pipette containing aCSF and loosely attached to
the somata of a MNTB principal cell. For inhibiting presynaptic PKG activity selectively, presynaptic pipette contained Rp-cGMPS (3 mM).
(B) Sample traces of postsynaptic APs in response to presynaptic APs at 100 Hz. Samples derived from different periods (a–d) during a 50 s train.
(C) The input-output relationship of synaptic transmission. The output/input ratio gradually declined during 100 Hz stimulation. In the presence of Rp-cGMPS (red
data points) in presynaptic patch pipette, the decline was steeper than that in its absence (control, black data points). Each data point and error bars derived from
5 MNTB neurons. For data set between 30 s and 50 s, difference was significant in Tukey test after two-way repeated-measures ANOVA.
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Retrograde Mechanism for Exoendocytic Coupling(Zheng et al., 1996). At the calyx of Held of rats after hearing,
PKG inhibitor or PTIO reduced PIP2 level by 50% (Figure 6)
and slowed endocytic t0.5 by 2-fold (Figures 1 and 4). These
results are consistent with a significant slowing of vesicle
endocytosis in hippocampal synapses of mice lacking the
PIP2 synthesizing enzyme PIPK1g (Di Paolo et al., 2004).
Here, at calyceal synapses, the slowing effect of a PKG inhib-526 Neuron 74, 517–529, May 10, 2012 ª2012 Elsevier Inc.itor on endocytosis could be counteracted by intraterminal
loading of PIP2 (Figure 5B). Furthermore PIP2 level in the calyx
or in the brainstem tissue was reduced by a PKG inhibitor or
a NO scavenger (Figure 6). Thus, PIP2 resides downstream of
PKG in the signal cascade. However, detailed mechanisms
underlying the PKG-dependent PIP2 upregulation remain to
be investigated.
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Retrograde Mechanism for Exoendocytic CouplingBesides CME, different types of endocytosis have been docu-
mented for vesicle recycling pathways (Royle and Lagnado,
2010). At the calyx of Held, bulk endocytosis (Wu and Wu,
2007), kiss-and-run fusion pore flicker (Wu and Wu, 2009) and
activity-dependent rapid endocytosis (Wu et al., 2005) have
been reported in addition to CME. The activity-dependent rapid
endocytosis can be triggered by a repetitive stimulation, and
accelerates the endocytic time constant to 1 s after 8–10 stimu-
lations with 20 ms depolarizing pulse at 1 Hz (Figure 3). This
mode of endocytosis depends on presynaptic cytosolic Ca2+
both before (Wu et al., 2005) and after (Yamashita et al., 2010)
hearing onset, and depends on calmodulin and calcineurin, but
only before hearing onset (Yamashita et al., 2010). In the present
study, the PKG inhibitor had no effect on this type of endocy-
tosis, suggesting that the PKG-dependent retrograde coupling
mechanism of exo-endocytosis is linked specifically to CME.
In secretory cells, PIP2 is involved in the regulation of exocy-
tosis (Eberhard et al., 1990; Hay et al., 1995) by binding to the
C2B domain of synaptotagmin (Schiavo et al., 1996). PIP2 is
also thought to support activation of high-voltage-activated
Ca2+ channels (Wu et al., 2002; Suh et al., 2010). At the calyx
of Held synapse, however, intraterminal loading of none of
PAO, PIP2, Rp-cGMPS or PTIO, affected presynaptic Ca
2+
currents. Furthermore, intraterminal loading of PAO or PIP2
had no immediate effect on vesicle exocytosis suggesting that
PIP2 may be dispensable for vesicle exocytosis at the calyx of
Held. However, these results do not exclude the possibility that
PIP2 is involved in the mechanism of short-term modulation of
transmitter release as previously reported (Di Paolo et al., 2004).
PKG Activity Is Essential for the Maintenance
of High-Fidelity Synaptic Transmission
The calyx of Held is an auditory relay synapse in the superior
olivary complex, which is differentiated into a synapse charac-
terized with high-fidelity high-frequency transmission during
postnatal development (Taschenberger and von Gersdorff,
2000). This developmental process includes shortening of
presynaptic AP duration (Taschenberger and von Gersdorff,
2000; Nakamura and Takahashi, 2007) and tightening of Ca2+-
release coupling (Fedchyshyn and Wang, 2005; Kochubey
et al., 2009). Our present results indicate that establishment of
the PKG-dependent retrograde mechanism is another develop-
mental device critically contributing to the maintenance of high-
frequency transmission at this fast synapse after hearing onset.
In brainstem slices, selective block of presynaptic PKG activity
with intraterminal loading of Rp-cGMPS reduced the output/
input ratio of APs during a sustained high frequency (100 Hz)
transmission (Figure 8). Thus, PKG plays a critical role in the
maintenance of homeostatic balance between exocytosis and
endocytosis of vesicles in response to high-frequency inputs,
thereby supporting the fidelity of synaptic transmission at this
fast synapse.
Vesicle endocytosis at physiological temperature is faster
than that at room temperature by a factor of >2 (Renden and
von Gersdorff, 2007), whereas the amount of exocytosis has
relatively little temperature dependence (Kushmerick et al.,
2006; Postlethwaite et al., 2007). All kinase activity involved in
the PKG-dependent retrograde mechanism for endocyticacceleration must have a strong temperature dependence.
Therefore, the retrograde exoendocytic coupling mechanism




All experiments were performed in accordance with the guidelines of the
Physiological Society of Japan and animal experiment regulations at OIST.
Methods for preparing auditory brainstem slices, containing the MNTB, from
Wistar rats (P7–P9 and P13–P14) have been described previously (Yamashita
et al., 2010). Before recordings, slices were incubated for 1 hr at 36C–37C in
artificial cerebrospinal fluid (aCSF) containing (mM): 125 NaCl, 2.5 KCl, 1
MgCl2, 2 CaCl2, 10 glucose, 3 myo-inositol, 2 sodium pyruvate, 0.5 ascorbic
acid, 1.25 NaH2PO4, 26 NaHCO3 (310–315 mOsm [pH 7.4], when saturated
with 95% O2 / 5% CO2). For recording presynaptic Ca
2+ currents, the
aCSF contained 10 mM tetraethylammonium chloride (TEA-Cl), 0.5 mM 4-
aminopyridine (4-AP), 1 mM tetrodotoxin (TTX), 10 mM bicuculline methiodide
and 0.5 mM strychnine hydrochloride. When we used the NO scavenger
2-phenyl-4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl (PTIO), we removed
ascorbic acid from the extracellular solution to prevent deoxidization of
PTIO. Unless otherwise noted, the pipette solution for capacitance measure-
ments from presynaptic terminals contained 118 mM Cs gluconate, 30 mM
CsCl, 10 mMHEPES, 0.5 mM EGTA, 1 mMMgCl2, 12 mM disodium phospho-
creatine, 3mMMg-ATP, and 0.3mMNa-GTP (pH 7.3–7.4 adjustedwith CsOH,
315–320 mOsm).
Membrane Capacitance Measurements
Membrane capacitance measurement from the calyx of Held presynaptic
terminals, in whole-cell configurations, were made at room temperature (RT,
26C–27C), as described previously (Yamashita et al., 2005, 2010). See
Supplemental Experimental Procedures for details. Data were acquired at
a sampling rate of 100 kHz, using an EPC-10 patch-clamp amplifier controlled
by PatchMaster software (HEKA) after on-line filtering at 5 kHz. Calyceal
terminals were voltage clamped at a holding potential of 80 mV, and single
pulse step depolarization (to +10 mV, 20 ms) was used for inducing ICa, unless
otherwise noted. For rapid endocytosis, the endocytic rate was estimated from
the slope fit with a linear regression line to Cm decay 0.45–1 s after each pulse.
Rp-8-Br-PET-cGMPS (Rp-cGMPS, Calbiochem), KT5823 (Calbiochem), PAO
(Calbiochem), and KT5720 (Calbiochem), were dissolved in DMSO (0.1%),
which was also included in control pipette solution. Drugs were infused from
whole-cell pipettes into calyceal terminals by diffusion. Care was taken to
keep the access resistance below 14 MU to allow diffusion of drugs into the
terminal within 4 min after whole-cell rupture.
Extracellular AP Recordings
For extracellular recording of postsynaptic APs, patch pipettes were filled with
aCSF (resistance, 2–4MU) and gently pressed onto a postsynaptic cell to form
a loose seal (10–20MU). Presynaptic APs were elicited by a depolarizing pulse
(duration, 1 ms) injected into calyces in a current-clamp mode (Figure 8A).
Immunocytochemistry
Immunoreactivity of PIP2 and PKGIa was visualized by labeled streptavidin
biotin (LSAB) method or immunofluorescence in slice sections or frozen
sections fromP7 and P14 rats. Imageswere obtained by AxioImager A2micro-
scope (Carl Zeiss Microsystems) or a laser scanning microscope (LSM710,
Carl Zeiss Microimaging). See Supplemental Experimental Procedures for
details.
Quantification of PIP2
Brainstems were isolated from P7–P8 and P13–P15 Wistar rats killed by
decapitation under halothane anesthesia (Forsythe and Barnes-Davies,
1993). Brainstem tissues were maintained for 1 hr at RT in aCSF, bubbled
with 95% O2 and 5% CO2, containing Rp-cGMPS (3 mM, dissolved in 0.1%
DMSO), PTIO (100 mM, with 0.1% DMSO), or none of them (control, withNeuron 74, 517–529, May 10, 2012 ª2012 Elsevier Inc. 527
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samples, they were homogenized in 0.32 M sucrose, 4 mM HEPES-NaOH
(pH 7.3 kept at <4C), supplemented with EDTA-free protease inhibitor cock-
tail (Roche), phosphatase Inhibitor Cocktail 3 (Sigma), and kinase inhibitor
sodium orthovanadate (Sigma). For lipid extraction, an ice-cold methanol/
chloroform (2/1) mixture was added to each pellet. Samples were centrifuged
at 1,500 rpm for 5 min, and then supernatants were removed to extract neutral
lipids. To extract acidic lipids, an ice-cold methanol/chloroform/HCl 12N
(80/40/1) mixture was added to the remaining tissue pellets, vortexed thor-
oughly, and centrifuged at 1,500 rpm for 5 min. Supernatants were collected
and a chloroform/0.1N-HCl (1/2) nonpolar/polar solvents mixture was added
to create a phase split of liquid to separate lipids from remaining other constit-
uents. The chloroform phase (lower phase) comprising lipids was collected
and evaporated by a speed-vacuum centrifuge (Eppendorf Concentrator
5301). Dried lipids samples were then rapidly dissolved again in PBS contain-
ing the PIP2 sensor provided in the PIP2Mass ELISA kit (K-4500, Echelon). PIP2
in each sample was then quantified following the manufacturer’s protocol.
Luminometric analyses were performed by measuring the final signal absor-
bance at 450 nm using a microplate reader (Benchmark Plus 170-6930J1,
Bio-Rad). PIP2 levels were normalized to the wet weight of brainstem tissue.
Western Blot
Brainstem, heart, and liver tissues of P7 and P14 rats were homogenized in ice-
cold buffer containing 50 mM Tris, 1 mM EDTA, 150 mMNaCl, 1% NP-40, and
a protease inhibitor cocktail (Roche). Homogenates were then centrifuged at
12,000 rpm for 30 min. The protein concentrations of lysates were measured
using Micro BCA Protein assay kit (Thermo Scientific) and equal amount of
proteins were loaded onto a SDS polyacrylamide gel. After separation by
electrophoresis proteins were transferred to a PVDF membrane (Bio-Rad).
Blotted membranes were blocked with 5% nonfat dry milk in Tris-buffer saline
with 0.1% Tween-20. Proteins were detected with the specific primary rabbit
antibodies anti-PGKI (Abcam) and anti-alpha-tubulin (Sigma) prior to incuba-
tion with horseradish peroxidase-conjugated anti-mouse or anti-rabbit
secondary antibody (Millipore). Protein immunoreactivity was further detected
using ECL plus western blotting detection reagents (Amersham). Quantitative
analyses were performed with a cooled CCD camera coupled with AE- 6971
Light Capture instrument (ATTO) and analyzed with the supplied CS-Analyzer
software (ATTO).
Statistical Analysis
Data were analyzed using IGOR Pro 4 (WaveMatrics), MS Excel 2003
(Microsoft), and Sigmaplot 11 (Synstat Software) softwares. All values are
given as mean ± SEM, and p < 0.05 was taken as a significant difference in
Student’s unpaired t test or ANOVA with Tukey ad hoc test. In figures, error
bars indicate ± SEM, and statistical differences with p < 0.05 and p < 0.01
are indicated by single and double asterisks, respectively.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures and Supplemental Experi-
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